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Abstract
Cement is a very valuable commodity as it can be used to construct structurally sound buildings
and infrastructure. However, in many developing countries cement is expensive due to the unavailability
of local resources to produce enough cement in-country to meet the demand for this material, and
therefore it has to be imported. In rice-producing countries rice husk ash-a material naturally high in
silica-can be used as a supplementary cementitious material and can substitute a portion of Portland
cement in concrete without sacrificing the compressive strength. This study investigates the use of
Cambodian rice husk ash in 10, 20 and 30% replacements of Portland cement by mass in mortar,
without optimization of the ash by controlled burning. Five ashes collected from different sources in
Cambodia were assessed for their suitability for use in rural Cambodian construction via compression
strength testing of 2" (50 mm) mortar cubes. A 20% replacement of unprocessed Cambodian rice husk
ash was deemed appropriate for use in small-scale, rural structural applications. Low-tech methods of
grinding the ash were also investigated and were found to drastically increase the compressive strength
of RHA-cement mortars in comparison to mortars made with unground RHA.
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1 Introduction
1.1 Background/ Context
In many countries around the world, people live in substandard housing. Due to insufficient
incomes, some are forced to use makeshift housing from scrap materials such as metal, glass or
cardboard, which creates unsafe and inhumane living conditions. If there were a way to create lower-
cost construction materials, adequate housing would become more accessible to even impoverished
populations.
Concrete is one of the most widely used construction products in the world (Yakut 2004).
Concrete construction does not require highly skilled labor and uses mostly locally sourced materials-
sand, gravel and water-as additions to purchased Portland cement powder, which is part of the reason
for its wide adoption worldwide. Several studies in developing countries, including Guyana, Uruguay,
Thailand, Pakistan and Brazil, have shown that rice husk ash (RHA) can be used as a partial replacement
for cement in concrete (Boateng and Skeete 1990; Rodriguez de Sensale 2006; Sujivorakul et al. 2011;
Memon et al. 2011; Zerbino et al. 2011). This ability to use an agricultural waste product to substitute a
percentage of Portland cement would not only reduce the cost of concrete construction in these
countries, but would also provide a means of disposing of this ash, which has little alternative uses.
Additionally, cement manufacturing is an energy-intensive process, so in addition to reducing the cost of
concrete construction and providing a means for disposing of an agricultural waste product,
incorporating RHA into concrete as a partial substitute for Portland cement would also stand to reduce
the amount of energy associated with concrete construction.
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1.1.1 Rice Husk Ash
Rice husk ash, a by-product of rice processing, is produced in large quantities globally every year
and due to the difficulty involved in its disposal, can lead to RHA becoming an environmental hazard in
rice producing countries, potentially adding to air and water pollution. Rice husk ash is a natural
pozzolan, which is a material that when used in conjunction with lime, has cementitious properties
(Mehta and Pitt 1976; Cook 1986). Several studies have shown that due to its high content of
amorphous silica, rice husk ash can be successfully used as a supplementary cementitious material in
combination with cement to make concrete products (Barkakati et al. 1994; Ganesan et al. 2008; Abu
Bakar et al. 2011; etc.). RHA can be carbon neutral, have little or no crystalline SiO 2, or no toxic
materials, as in the case of off-white rice husk ash. This off-white RHA has been shown to be
advantageously blended with white Portland cement up to a 15% replacement to enhance the
performance of the concrete without sacrificing the aesthetics of the final product and even shows
higher compressive and splitting flexural strengths as compared to a control sample (Ferraro et al.
2010).
In rice producing countries like Cambodia, RHA-concrete has the potential to provide a low-cost
construction material produced from locally sourced, abundant materials while having the added
benefit of providing a means to dispose of an agricultural waste product. Cambodia provides an ideal
location to explore the potential for RHA in low-cost concrete.
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1.2 Potential for use of Rice Husk Ash in Cambodia
In Cambodia, 92% of the country's poor lives in the rural countryside (World Bank 2012). In
addition to the need for providing adequate housing for the entire population, Cambodia has taken on
the challenge of improving the national standard of education by constructing more schools after the
Khmer Rouge killed most of the country's educated class. In this country inexpensive construction
materials would not only provide better housing, but would also allow for the construction of more
schools for a given budget. Luckily, Cambodia has an abundance of rice husk (a waste product from rice
processing), which is often burned to produce rice husk ash.
In a country that produces approximately 6 million tonnes of rice annually (from 2000 to 2010),
rice husk is a locally abundant material and can be found in large mounds (Figure 1.1) in rural Cambodia,
produced from small-scale rice producing operations (FAOSTAT 2011b). In many of the studies
conducted on the use of rice husk ash to replace cement in concrete, the ash used was produced under
highly controlled laboratory settings to produce the optimal ash for use in concrete. These ashes are
high in silica content produced by burning the rice husks at high temperatures (between 500 and 700*C)
and are mechanically ground to have a mean particle size around 9 Pm (Zhang and Malhotra 1996;
Tashima et al. 2004). However, in rural Cambodia, where the use of rice husk ash concrete could
improve quality of life, the equipment and electricity necessary for the level of processing employed in
these studies is unavailable. Therefore there is a need to determine whether this degree of processing of
rice husk is necessary for producing an ash suitable for creating concrete of appropriate strength for the
types of structures that are typically built in the Cambodian countryside.
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Figure 1.1. Mountains of rice husk and rice husk ash in Cambodia
Additionally, Cambodia currently has only one cement plant located in the southern province of
Kampot. In 2008 this plant produced 800,000 tonnes of cement, providing only 42% of the national
demand for cement. The remainder of cement needed is imported from Thailand, Laos and Vietnam
(Global Cement Report 2011). Reducing the demand for cement by partial replacement with RHA will
lessen the country's reliance on foreign cement and in this way could help the national economy.
1.2.1 Rice and Cement Production
Worldwide over 650 million tonnes of rice are produced annually (Table 1.1; Figure 1.2). Rice
husk is approximately 20% of paddy yield by weight and about 18% of the husk weight is converted to
ash upon incineration, which means that the amount of RHA that can be produced is 3.6% of the weight
of rice produced and about 23 million tonnes of RHA can be produced globally each year (Juliano 1985;
Beagle 1978; Velupillai 1997). In comparison, about 2,700 million tonnes of cement are produced
annually worldwide. This shows an abundance of RHA that is potentially available to be used in concrete
construction, assuming that all RHA produced has a pozzolanic reactivity suitable for creating concrete.
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Table 1.1. Rice production of the world's top 15 rice producing countries, million tonnes (FAOSTAT 2011a)
Country 2006 2007 2008 2009 2010
Bangladesh 40.77 43.18 46.74 47.72 49.36
Brazil 11.53 11.06 12.06 12.65 11.31
Cambodia 6.26 6.73 7.18 7.59 8.25
China 183.28 187.40 193.28 196.68 197.21
Egypt 6.76 6.88 7.25 5.52 4.33
India 139.14 144.57 148.77 133.70 120.62
Indonesia 54.45 57.16 60.25 64.40 66.41
Japan 10.70 10.89 11.03 10.59 10.60
Myanmar 34.09 34.67 35.91 36.03 36.60
Pakistan 8.99 9.20 11.49 11.38 7.98
Philippines 16.89 17.90 18.54 17.93 17.39
Republic of Korea 7.07 6.66 7.63 7.74 6.40
Thailand 32.67 35.38 34.89 35.40 34.83
United States of America 9.73 9.92 10.19 10.99 12.16
Viet Nam 39.52 39.62 42.69 42.94 44.08
Countries not listed above 39.44 37.64 40.85 43.52 44.30
World Total 706.85 724.38 759.54 754.84 740.77
Rice Production
197,257,175
112,229,157
50,879,828
13,209,188
2
ice roductio
-He - hcama
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Figure 1.2. World rice production (FAOSTAT 2011b)
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Table 1.2. Hydraulic cement production of world's top rice producing countries (Million metric tonnes) (USGS 2009)
Country 2005 2006 2007 2008 2009
Bangladesh 5.10 5.10 5.10 5.00 5.00
Brazil 38.70 41.89 46.55 51.97 51.75
Cambodia -- -- 0.09 0.77 0.77
China 1068.85 1236.77 1361.17 1400.00 1629.00
Egypt 32.46 36.20 38.40 40.00 46.50
India 145.00 160.00 170.00 185.00 205.00
Indonesia 33.92 35.00 36.00 36.00 40.00
Japan 69.63 69.94 67.69 62.81 54.80
Myanmar (Burma) 0.54 0.57 0.61 0.68 0.67
Pakistan 17.00 20.65 27.00 31.00 32.00
Philippines 15.49 12.03 13.05 13.37 14.87
Republic of Korea 51.39 53.97 52.18 51.65 50.13
Thailand 37.87 39.41 35.67 31.65 31.18
United States of America 100.90 99.71 96.85 87.61 64.86
Viet Nam 30.81 32.69 37.10 40.01 47.90
Countries not listed above 702.33 766.06 822.55 812.48 765.57
World Total 2350.00 2610.00 2810.00 2850.00 3040.00
From Table 1.1, Cambodia produces 7 million tonnes of rice on average each year. Of this total
weight, 20% can be estimated to represent the amount of rice husk, resulting in about 1.4 million tonnes
of rice husk produced and 18% of this gives a post-incineration weight of 0.3 million tonnes of rice husk
ash produced annually. This RHA production value is 38% of the 0.8 million tonnes of cement produced
and 27% of the additional 1.1 million tonnes imported annually (Table 1.2). The use of RHA as a
cementitious material in construction could off-set the amount of cement that that needs to be
imported into the country, thus saving money which could then be put to another use.
1.3 Research Objective
The objective of this study is to examine the feasibility of using unprocessed rice husk ash in
Cambodia to reduce the amount of cement needed for small-scale construction in rural parts of the
country. This is assessed via material testing of concretes and mortars made with various percentages of
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Cambodian produced rice husk ash in addition to an ash produced in Texas, USA via a controlled
combustion process and fine grinding for comparison.
There has been a significant amount of work done to investigate the possibilities of using rice
husk ash in concrete; however a significantly small number of these studies (mostly in Latin America)
address the use of unprocessed RHA (RHA that is either not ground to very fine particle sizes and/or that
is not produced from an optimized burning process) in concrete. This is because many of these studies
have found that rice husk ash produced via uncontrolled burning tends to have low-reactivity, and thus
is not optimal for use in concrete. Additionally, grinding the ash has been found to yield large increases
in the strength of RHA-concretes. Rukzon et al. (2009) found grinding RHA produced from open burning
to a mean particle size of 10 microns increase compressive strength by 133% when compared to the
original, unground ash with mean particle size of 42 microns. Despite these obvious benefits gained
from special processing of rice husks to produce an ash with the best properties for creating a strong
cement, the technology required to create a controlled burning environment or to grind the ash to a fine
powder in large enough quantities to be used in construction may not necessarily be easily accessible in
many parts of the developing world-regions that would most benefit from the use of an inexpensive
and locally available construction material.
Although it may not be ideal to use unprocessed ash in concrete, as it may not produce the
strongest concrete, the concrete produced may be durable enough for use in small-scale rural
construction in developing countries. There has also been much work dedicated to developing methods
of pyroprocessing that would be suitable for implementation in a developing country context. Smith
(1984) reported on site visits to India, Nepal and Pakistan where there were several local research
institutions that had constructed experimental incinerators to produce the best rice husk ash for use in
concrete and had milling equipment to grind the ash to the desired particle size. While these institutions
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did have access to means of producing high-quality RHA, they are "research institutes" and likely had
funding to purchase any of the materials they used for RHA production and are not accurate
representations of the means that people in these countries would have in general to produce RHA.
While unprocessed RHA may be adequate for use in rural construction, and RHA concrete made
at research institutions may be too processed to be realistically implemented in a developing country
context, there is a clear need to investigate appropriate technologies that would be able to grind RHA to
increase its reactivity within the concrete mix. Zerbino et al. (2011) investigated the effect of a concrete
mixing procedure that would allow for the use of residual RHA for cement replacement in concrete
without previous grinding by mixing unprocessed RHA with coarse aggregate for 10 minutes in a mixer.
Whereas other studies use ball mills to grind the RHA, the Zerbino study used locally available material
(gravel) as the grinding medium, but still uses a concrete mixer which may not be readily available in
many rural parts of the developing world. Their study made it possible to improve the quality of RHA for
use in concrete by simply mixing it with coarse aggregate prior to adding in the other concrete materials.
The present study builds upon this work and investigates the effect of mixing Cambodian RHA with
aggregate on the compressive strength of RHA-cement mortars.
In addition to the limited access to laboratory milling equipment to grind RHA to the optimal
particle size, the controlled burning of rice hulls to presents an additional challenge for creating concrete
with unprocessed RHA with reasonable strength for construction. In Cambodia, and possibly in other
rice producing countries as well, rice husks are burned for a variety of reasons-for use as a cooking
fuel, biomass for fueling gasification processes or to decrease the volume of a mound of rice husks to
make room to store more of this agricultural waste product-each producing RHA from a unique
combustion process. RHA-concrete studies have found an increase in amorphous silica content (which is
beneficial for use in concrete) in RHA corresponding to an increase in burning time at a high
19
temperature (between 500 and 700 degrees Celsius). While these optimal conditions for processing rice
husk comes from a controlled burning process not likely to be practical in rural Cambodia, this is another
motivation for the present investigation-to determine whether there is a significant difference in
material strengths of RHA-cement mortars and RHA-concretes depending on the incineration process
used to produce the ash. Moreover, superplasticizer, a chemical additive that is commonly used in
concrete mixes in many countries to reduce the water required to attain the desired workability is not
used in rural Cambodia. This is likely to have the effect of producing a weaker concrete, as more water
will have to be added to the concrete mix, creating a higher water/binder ratio.
Using unprocessed ash to produce RHA-concrete would be most suitable for use in rural
Cambodia, and possibly in other developing countries, as there is very limited access to facilities that
would allow for controlled burning of rice husks and grinding of the ash to a very fine particle size. This
use of RHA produced from an unspecified burning process, without using sophisticated equipment to
grind the ash and without superplasticizer presents the many challenges which provide the motivation
for this research project, with the end goal being to investigate the potential for using unprocessed RHA
for rural construction. Additionally, this thesis explores several possibilities for mechanical grinding of
RHA using appropriate technology.
1.4 Outline of Thesis
This thesis is divided into six chapters as follows:
The first chapter provides the context of the research question, explaining the need for
inexpensive and sustainable construction materials in developing countries and the potential for using
rice husk ash in Cambodia. Lastly, the objective of this study is explained: to determine the feasibility of
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using unprocessed rice husk ash as a partial replacement of cement in concrete for use in rural
Cambodia as a cheaper construction material.
Chapter 2, Literature Review, summarizes the work that has already been done in the field of
rice husk ash concrete, focusing on the portion of work done using unprocessed RHA, identifying
questions in the field that have yet to be addressed.
Chapter 3, Materials and Methods, describes each of the materials used in this study and the
experimental program for the present study.
Chapter 4, Results, presents the results of the material testing and the mechanical properties of
the RHA-concrete mixes made, and validates the data obtained by comparing them to the results from
similar studies.
Chapter 5, Discussion, evaluates the feasibility of using unprocessed rice husk ash for rural
concrete construction based on the results of the material tests done in the present study and an
analysis of typical applications in rural Cambodia. It also includes any possible barriers to the wide-
spread implementation of this technology with ideas on how to overcome them.
Chapter 6, Conclusions, summarizes the key findings of this study as well as possibilities for
future work.
1.5 Chapter Summary
Chapter 1 provides an introduction to rice husk ash as a cementitious material and discusses the
potential for using this abundant agricultural waste as a partial cement replacement for small-scale rural
construction in Cambodia, which has not yet been investigated in other studies. It asserts the main goal
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of the present study to examine: the suitability of RHA that has not been produced from various burning
processes for use in concrete; it focuses on Cambodia, a country that has not yet been addressed in the
literature; and assesses the applicability of results of material testing to rural construction by performing
field tests which provide a testing environment in the setting that RHA concrete would be expected to
be used. It also provides an overview of what is to come in the following chapters.
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2 Literature Review
2.1 Introduction
Numerous studies have been conducted on rice husk ash concrete in the last century. In his
review of the work done as of 1984, Cook (1986) mentions two German patents, first reported in 1924,
as being the earliest description of using of rice in concrete, although it is unclear in what form the rice
was used. These patents were followed by the works of McDaniel (1946), Hough (1955) and Hough and
Barr (1956), which investigated the production and behavior of Portland cement and RHA concrete
blocks in the United States. Starting in the 1970s, Mehta (1977) made significant contributions to the
field of knowledge of rice husk ash concrete. He found that, depending on the combustion process used
to produce the ash, either a highly reactive or inert form of silica would be created. Before this, RHA was
typically created from an uncontrolled combustion process and mostly used as lightweight insulating
filler rather than for its cementitious properties. Since then much work has been done to determine how
to best utilize RHA as an admixture in concrete along with Portland cement, trying to determine the
optimal combustion process for creating the ash, the optimal particle size, water/binder ratio, etc. More
recently, Meryman (2007) investigated the use of supplementary cementitious materials (SCMs) as a
partial substitute for Portland cement in concrete as a means to reduce cement consumption and
thereby reducing the carbon emissions due to cement production. She replaced Portland in various
proportions by limestone flour, fly ash and rice husk ash and it was found that rice husk ash and
limestone flour improved early strength gain and reduced permeability when used in concrete. The
following literature review identifies the contributions that have been made to this field thus far that are
relevant to the scope of the present study.
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2.2 Studies with partially ground RHA
Although much research (see Cook 1986) has been done on the pozzolanic properties of rice
husk ash and its use in concrete, very few studies have examined the use of partially ground RHA in
concrete. Unprocessed RHA would prove to be most useful in developing countries where access to the
equipment needed to ensure a controlled combustion process and to grind the ash to a fine powder
may be limited. Additionally, in some developing countries, like Cambodia, rice husks are burned as a
cooking fuel, not allowing for the possibility of creating RHA via controlled incineration. All of the studies
examining the possibility of using unprocessed RHA in concrete have been conducted in Latin America.
Tashima (2004) investigated the use of RHA produced from uncontrolled combustion in
concrete, using RHA that was ground in a laboratory ball mill. His found that the uncontrolled
combustion process used produced RHA with 93% SiO2 and that the concretes made with RHA
replacements of 5%, 10% and 15% all had gains in compressive resistance over the control at both 7 and
28 days (with the only exception being the 15% mix at 28 days which had a compressive strength less
than that of the control by 0.3 MPa), with the greatest gains seen at 5% replacement of RHA for
Portland cement.
Ribeiro Meira (2009) investigated the possibility of using unground rice husk ash in structural
concrete, examining axial compression strength, flexural strength by diametral compression, modulus of
elasticity and total shrinkage properties of concretes made with 15% and 25% substitutions of cement
by mass. Natural ashes and those ground in a ball mill were used in concrete mixes along with Portland
cement with water/binder ratios of 0.45, 0.55 and 0.65. The mechanical properties of these concretes
were compared with those of a control concrete mix, and it was concluded that it is technically feasible
to use unground RHA in structural cement up to a 15% replacement. It was found that for this
replacement level, RHA concrete out-performed the reference mix in terms of a greater axial
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compressive strength and lower shrinkage, but lower diametral compression strength and modulus of
elasticity.
Tashima et al. (2011) investigated the mechanical properties of RHA concrete in Brazil, testing
samples of concrete with 5% and 10% replacement of cement with RHA and looked at simple
compressive strength, splitting flexural strength, water absorption and modulus of elasticity. The RHA
used for the experiment was obtained by uncontrolled burning but was subsequently ground in a ball
mill for 30 minutes and the concrete was left to cure for 7 and 28 days. Results showed that higher RHA
substitution amounts resulted in lower water absorption values; the addition of RHA results in a
generally higher simple compressive strength (being most optimal for the 5% RHA mix); the addition of
RHA had little effect on splitting flexural strength; and a similar modulus of elasticity was seen between
the samples.
De Souza Cezar (2011) investigated the feasibility of using residual RHA (ground and unground)
and fly ash in structural concrete as a way to mitigate environmental pollution from industrial
byproducts, as well as partial substitutes for Portland cement. Ternary mixtures with fly ash in addition
to RHA were made to combat expansion caused by the alkali-aggregate reaction or alkali-silica reaction
due to the use of RHA in concrete. Three concrete mixes were tested at water/binder ratios of 0.45, 0.55
and 0.65: the reference mix used a binder of 20% fly ash and 80% Portland cement; the second mix used
a binder composed of 15% unground RHA; and the remaining mix used a binder composed of 15%
ground RHA, where both mixes containing RHA contained the same amounts of fly ash as used in the
reference mix, but the mass of Portland cement was reduced to maintain the overall mass of the binder.
Electrical resistivity, specific electrical conductivity, chloride penetration resistance, axial compressive
strength and water absorption by capillarity were tested, and the results determined that it is feasible to
use RHA in structural concrete although the mixes containing ground RHA performed better than those
with natural RHA. Overall, it was found that the RHA concretes had reduced water absorption.
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Whereas other studies have proposed the use of mixing RHA with gravel as an alternative to
mechanical grinding using a ball mill, this study uses a sieve shaker to mix RHA with gravel in a paint can
to simulate a method of grinding that could be achieved in the field. Although it is not likely that a sieve
shaker and paint can would be used in actual field implementation, similar results may be achieved by
rolling an empty oil barrel containing RHA and gravel behind a truck, or using another method to agitate
the RHA-gravel mixture to reduce RHA particle size.
2.3 Studies with Mortars
Aguila and Sosa (2008) assessed the potential for using Venezuelan agricultural residues as
pozzolanic materials. This investigation included rice husk, corn leaf and cane bagasse ashes, each of
which was obtained from an uncontrolled combustion process and was ground in a ball mill for 1 hour.
Physical and chemical characterization of each of the ashes was first conducted to determine pozzolanic
reactivity. This was followed by compression and durability tests of mortar samples made with the ashes
and Portland cement with replacement values ranging from 10 to 30% in increments of 5%. The results
of testing demonstrated the technical feasibility of using rice husk and corn leaf ashes as pozzolanic
materials, but not cane bagasse ash which did not meet the requirements set forth in their experiment.
Nair (2006) sought to identify the most feasible method for field production of reactive
pozzolanas from rice husk ash in the southern state of Kerala in India. The ash produced was used to
create a cement alternative when used in conjunction with lime or Portland cement to create concrete
that would be appropriate for low-strength rural construction applications. The goal was to suggest an
affordable building option for rural housing.
Mehta (1977) investigated the properties of blended cements made with rice husk ash,
comparing the compressive strengths of lime-rice husk ash mortars to those of Portland cement-rice
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husk ash. The ash used was produced by burning in an industrial furnace proposed by Mehta and Pitt
(1979). This produced an ash composed of 80-95% silica in the amorphous state, which was
subsequently ground in a ball mill and blended with either lime, or Portland cement with the RHA
composing 20, 25, 30, 50, and 70% by weight of the binder in the different mixes. Mortar cubes were
cast in accordance with ASTM C 109 and it was found that all of the lime-RHA mortars were suitable for
masonry construction according to ASTM C 91 (Standard Specification for Masonry Cement) and the
Portland cement-RHA mortars were suitable for structural applications according to ASTM C 150
(Standard Specification for Portland Cement). The lime mixtures had lower strengths than their Portland
cement counterparts and this was deemed to be due to their high water demand.
Rukzon and Chindaprasirt (2009) investigated the effect of particle size on strength and
carbonation characteristics of RHA-cement mortars at a 0%, 20% and 40% replacement by weight of
ordinary Portland cement with RHA. The study examined three finenesses of ash and found that the
replacement of Type I Portland cement with rice husk ash in general results in a lower compressive
strength and increases carbonation; however an increase in fineness of the ash increases strength and
decreases carbonation depth due to the lower water-binder ratio, which produces a very dense and
strong matrix.
2.4 Studies without Superplasticizer
While it is common practice to use superplasticizer to reduce the water requirement for mortar
and cement mixes to produce high strength materials, proposing the use of a chemical additive is not
ideal for most regions of the developing worlds, particularly in rural areas, where superplasticizer may
not be available, or if available, very expensive and therefore not commonly used. Al-Khalaf (1984),
Boateng and Skeete (1990), Cook (1986), Givi et al. (2010), lkpong (1993), Mehta (1976) Saraswathy and
27
Song (2007) and Yamamoto and Lakho (1982) are all precedents for not using superplasticizer in RHA-
concrete mixes.
2.5 Chapter Summary
This chapter reviewed a range of studies that have been conducted on rice husk ash concrete to
date. Numerous studies have conducted tests on mortars made with RHA and Portland Cement, with
and without superplasticizer and with unprocessed RHA. This gives a scientific precedent for using
unprocessed RHA, and not using superplasticizer in the mortar compression tests conducted in the
current study. This thesis is the first study to consider the use of unprocessed RHA in Cambodia.
Furthermore, most previous studies have taken place in a controlled laboratory setting and have not
made RHA concrete specimens in the field in developing countries. Finally, while some studies have
explored the potential for improved RHA concrete through mechanical grinding, few studies have
investigated the use of appropriate technology for alternative grinding methods.
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3.2.2 Sand
The sand used in Cambodia was locally sourced, and the sand used in the US was Vita Crete
Mortar sand.
3.2.3 Rice Husk Ash
The RHA samples used were all made in rural Cambodia from local rice husk and were obtained
from different sources which will be described in further detail below.
3.2.3.1 RHA 1
RHA 1 was collected from a large rice mill where a more fully carbonized ash is produced through the
process of gasification, which involves a special process that burns the rice husks in an enclosed,
controlled environment. This ash is completely black, consistent in size, and the shape of the husk is
retained. (Figure 3.1)
R HA 1
10 prn
Figure 3.1. RHA 1 with scanning electron microscope (SEM) image
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3.2.3.2 RHA 2
RHA 2 came from a local rice mill near the village of Norkor Pheas, where large piles of ash are created
behind the factory by burning the rice husks periodically in an unknown manner. The ash varies in size,
ranging from a fine, gray powder to larger black pieces of ash that have not fully carbonized, or
completely burned the organic material. (Figure 3.2)
RH A 2
10 pmtl
Figure 3.2. RHA 2 with scanning electron microscope (SEM) image
3.2.3.3 RHA 3
RHA 3 was produced by a small, family-run rice flour factory that makes rice noodles. The rice husks are
burned in an open flame and used as cooking fuel for boiling water, and the subsequent ash is collected
in the backyard. This ash has very fine particles, but contains some organic material. (Figure 3.3)
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RH A 3
10 prn
Figure 3.3. RHA 3 with scanning electron microscope (SEM) image
3.2.3.4 RH A 4
RHA 4 was collected from a rice mill run by the President of the Siem Reap Rice Millers Association in
Slorkram Village in the Siem Reap district. The rice was produced by burning in an enclosed furnace
under controlled conditions. A dark gray ash was produced with much of the ash retaining the shape of
the husk and smaller particles interspersed throughout. (Figure 3.4)
1 Mr. Sen Rith-Siem Reap Rice Millers Association President
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Figure 3.4. RHA 4 with scanning electron microscope (SEM) image
3.2.3.5 RHA 5
RHA 5 was obtained from an ice factory in Siem Reap where the rice husks were burned via a
gasification process as fuel for the ice-making process. This process results in a dark gray ash primarily
consisting of large particles that retained the shape of the original husk. (Figure 3.5)
10 pm
Figure 3.5. RHA 5 with scanning electron microscope (SEM) image
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3.3 Material Characterization Procedures
In order to fully understand how these ashes collected in Cambodia interact with the other
components of the concrete and mortar mixes, the physical and chemical properties of the rice husk
samples were determined are documented here in order to make a more complete comparison
between this and other studies. The densities, particle size distributions, chemical composition and
amorphous silica content were determined for each ash sample and the methods used for determining
each of these characteristics are outlined in the following sections.
3.3.1 Density
The density of each of the Cambodian ashes was determined by means of a LeChatelier's flask in
accordance with ASTM C 188, using deionized water instead of kerosene to take the density
measurements. Each RHA sample was first oven-dried at 350"F (176*C) for 20 minutes to remove any
moisture. Then each sample was thoroughly mixed by hand before weighing out a portion of ash to use
for the measurement, to provide a representative sample of ash. Each measurement was taken in
triplicate to ensure the statistical significance of the numbers obtained. The average densities
determined are shown in Table 3.1.
Table 3.1. Average densities in g/cm3 of the RHA samples used in this study
Sample Average Density (g/cm 3)
RHA 1 1.58
RHA 2 2.16
RHA 3 1.76
RHA 4 2.03
RHA 5 0.79
The measured densities for these RHA samples are around the range of values seen in other
studies, which range from 1.41 to 2.23 g/cm3 (Abu Bakar 2011; Agarwal 2006; Bui 2005; Cizer et al.
2009; Cordeiro et al. 2012; EI-Dakroury and Gasser 2008; Feng et al. 2004; Ganesan et al. 2008;
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Gastaldini et al. 2009; Giaccio et al. 2007; Kartini 2011; Ribeiro Meira 2009; Rodriguez de Sensale 2006;
Rukzon et al. 2009; Rukzon and Chindaprasirt 2010; Salas et al. 2009; Souza Cezar 2011; Zerbino 2011;
Zheang et al. 1996; Aguila and Sosa 2008). The ashes that were not ground had lower densities than
those that were finely ground. In addition, Rukzon et al. (2009) found RHA density to increase with an
increase in grinding time, implying that a lower density correlates to a larger particle size. Although the
density for RHA 5 is well out of the range of published values of RHA densities, during the density
measurements the a large majority of the ash was floating at the surface of the water, suggesting that
the density of this ash is less than that of water, giving plausibility to the measured value. The origin of
the exceptionally low density could lie in the larger, intact husk morphology, packing less efficiently,
with larger occluded internal void spaces.
3.3.2 Particle Size Distribution
Before mixing concrete, the different ashes that had been collected in Cambodia had to be
characterized. Particle size distributions were determined for each of the ashes using sieve analysis. Six
sieves were used-U.S. #16, 20, 30, 45, 60, and 70. The sieves were stacked in order with the #16 sieve
at the top and the #70 sieve at the bottom of the stack followed by a pan to catch any particles passing
through this last sieve. Each RHA sample was loaded at the top of the stack, which was then covered
with a lid and shaken for 5 minutes in a sieve shaker. The mass of the contents remaining on each sieve
was then measured to determine the particle size distribution for each of the Cambodian ashes. The
results of the sieve tests are shown in Figure 3.6.
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Figure 3.6. Particle size distribution of ashes used in this study as determined by sieve analysis with U.S. # 16, 20, 30, 45, 60
and 70 sieves
The particle size distribution shows that RHA T has the smallest mean particle size of the 6 RHA
samples used in the present study. This result was to be expected since this sample was produced in a
controlled laboratory environment and ground to achieve a particle size between 100 and 700 microns.
The unground Cambodian ashes, listed in order of increasing particle size, are RHA 2, RHA 3, RHA 1, RHA
4 and RHA 5.
3.3.3 Chemical Analysis
In order to determine the chemical compositions of the Cambodian rice husk ash samples used
in this study, X-ray Energy Dispersive Spectrometry (XEDS) was used. In XEDS, a sample is irradiated with
a high-energy (> 15 keV) electron beam (in this case, in the SEM). The more tightly bound inner-shell
electrons (binding energies typically 0.5-10 keV) are excited by interaction with the incident electron
and are ejected from their inner electron shell, creating holes which are then replaced by less tightly-
bound electrons from an outer shell. The energy released as these outer-shell electrons move to fill the
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more tightly-bound inner electron orbitals is emitted in the form of electromagnetic radiation in the x-
ray range. The number and energy of x-rays emitted can then be used to identify the atomic structure
and, therefore, the elements present in the sample, as the energy of the x-rays measured are
representative of the energy differences between the electron orbitals disturbed by the initial x-ray
excitation (Goldstein 2003).
An JEOL Model JSM-6400 SEM instrument, fitted with a Pulse Tor prototype XEDS spectrometer
(Figure 3.7) was used to conduct the XEDS analysis (in addition to being used to take the SEM
photographs in section 3.2.3), and the Quartz XOne Version 8 analysis software and database
accompanying the XEDS spectrometer was used to identify the associated elements. Large potassium
chloride (KCI) crystallites were seen dispersed throughout the RHA 5 sample using SEM, so the chemical
analysis of this material was conducted on a crystallite-free portion of the sample. The chemical
compositions of the Cambodian RHA samples are listed in Table 3.2 and shown in Figure 3.8.
Figure 3.7. Oxford Instruments monocle instrument used for SEM and XEDS analysis of RHA samples
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Table 3.2. Chemical analysis of the five Cambodian rice husk ash samples used in the present study (cation contents
expressed as stoichiometric oxides for accounting purposes
Chemical analyses, at % RHA 1 RHA 2 RHA 3 RHA 4 RHA 5
Silicon dioxide (Si0 2) 89.34 89.73 84.4 89.81 92.28
Aluminum oxide (A120 3) 0 0 0 0 0
Ferric oxide (Fe20 3 ) 0 0.81 0.36 0.43 0.47
Calcium oxide (CaO) 1.07 1.39 3.49 1.16 0.93
Magnesium oxide (MgO) 0 0 0 0 0
Manganese oxide (MnO) 0.35 1.35 0.95 0.56 0.63
Sodium oxide (Na20) 0 0 0 0 0
Potassium oxide (K2 0) 6.59 2.96 5.62 5.03 2.64*
Other 2.65 3.76 5.18 3.01 3.74
*This value excludes large KCI crystals dispersed in this sample. The overall potassium
RHA5 was 10.30 at%.
content (expressed as K20) in
Figure 3.8. Chemical composition of Cambodian rice husk ash samples
The silica content of the Cambodian rice husk ashes used in the present study ranges from 84%-
92%. Potassium, the second most abundant mineral in these samples, ranged in concentration from 3-
7%. These silica values are within the range of values found by other published studies, where RHA silica
content ranges from 77-94%. The potassium content of RHA 2 and RHA 5 are within the published range
of 0-4%, however RHA 1, RHA 3 and RHA 4 exceed the maximum value seen in other studies by as much
as 2%.
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3.3.4 Amorphous Silica Content
The amount of amorphous silica present in a material is an important factor in determining how
effective it will be as a pozzolan. Studies have shown that the greater the amount of amorphous
material, the better pozzolanic reactivity a material will have when combined with lime and water
(Boateng and Skeete, 1990). The "degree of amorphousness" can be measured using X-Ray diffraction,
or the silica activity index (SAI). For this study, X-ray powder diffraction was used.
X-Ray powder diffraction uses the unique diffraction patterns created from the bombardment of
a powder sample with monochromatic X-ray photons to identify the crystalline mineral phases present
in the sample. In X-Ray diffraction, X-rays are aimed at a sample in which the localized atomic electron
clouds diffract the x-ray photons. The diffraction patterns created from the scattering of x-ray photons
after these interactions can be used to determine the electron distribution, and therefore deduce the
atom positions, in a material which can, in turn, be used to identify the mineral phases present in the
material. When the diffraction pattern created by an unknown sample is compared with the diffraction
patterns created by known mineral phases, the mineral phase composition of the unknown sample can
be determined (MRL 2012).
The wave-like interference of the monochromatic X-ray photons diffracted from different atoms
causes a variation in the overall diffracted intensity consistent with the particular arrangement of atoms.
In a crystalline arrangement, where atoms are regularly spaced, the diffracted waves will produce sharp
interference peaks, whereas in an amorphous arrangement, with a wider distribution of inter-atomic
distances, the interferences are spread over a much broader range of diffraction angles, which results in
lower interference intensities spread over a larger range of diffraction angles. Comparison of the
computed area under the crystalline peaks and under the remaining amorphous sections in a X-ray
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diffractogram can be used to deduce the relative ratios of crystalline and amorphous mineral phases
present in a sample (MRL 2012).
In this study, the "amorphousness" of the Cambodian rice husk ash samples RHA1, RHA2, RHA3,
RHA4 and RHA5 was determined using an X'Pert PRO PANalytical X-Ray diffraction instrument, operating
in the theta-theta mode, with a copper anode X-Ray tube and using Cu KW radiation. The samples were
prepared by first grinding using a ceramic mortar and pestle for the samples that had larger particles2;
then packing the powders tightly into a metal sample holder; and finally placing the powder samples
into the X-Ray diffraction instrument for analysis. The scattering intensities were plotted against the
scattering angle (full diffraction angle 20) and the percentages of crystalline material phases present
thus determined. Figure 3.9 provides an overview of the X-Ray diffractograms produced from all five
Cambodian ash samples. The X-Ray diffractograms created for each individual sample as a result of this
analysis are shown in Appendix A (Section 8.1).
2 Grinding is not necessary for X-Ray powder diffraction, but it makes it easier to ensure the dense packing of
samples in the sample holder which is important for getting a good diffraction pattern
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Figure 3.9. X-Ray diffraction plots of x-ray scatter intensity (Cu Ka) versus scatter angle for RHA 1, RHA 2, RHA 3, RHA 4 and
RHA 5 (from top to bottom). Sylvite (KCI) peak appears at about 20= 28.5*; the remaining peaks can be associated to SiO2
crystalline polymorphs (see Appendix A, Secton 8.1)
The crystalline phases produced sharp peaks in the diffractogram, while the amorphous phases
produced a single broad peak. Since the area under the broad peak of the graphs is significantly greater
than the area under the crystalline peaks, from inspection, we can tell that the Cambodian RHA samples
are primarily amorphous. The few crystalline phases found in each sample are indicated in Table 3.3.
Peak identifications are shown in the full diffractogram data set in Appendix A (Section 8.1).
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Table 3.3. Crystalline phases present expressed as percentages of the crystalline fractions in each of the Cambodian RHA
samples. The amorphous fraction dominates in all samples.
Crystalline Phases Present (%) RHA 1 RHA 2 RHA 3 RHA 4 RHA 5
a-Cristobalite (SiO 2) 18 50 90 94 Not detected
Quartz (SiO 2 ) 82 17 3 1 Not detected
Sylvite (KCI) Not detected < 5% < 5% < 5% 100%
Tridymite (SiO 2) Not detected 33 7 6 Not detected
3.4 Bending Tests in the Field
In January 2011, field tests were conducted with rice husk ash concrete in the Angkor Chum
District of Cambodia. The Angkor Chum district (Figure 3.10), northwest of Siem Reap, is a
predominantly rural area that relies on subsistence agriculture and contains many local rice mills of
varying size. Local rice mills and other home operations were visited, searching for sources of RHA and
surveying the general availability of this agricultural waste product. RHA was collected from each
location to be used in concrete samples made for field testing.
Prcsh
Vhar
Battambeng
Oj au.a
Figure 3.10. Angkor Chum district of Cambodia
3 The field tests described in this section were conducted in conjunction with Sophia Hsu, Emily Lo, John
Ochsendorf, Putty Nho and others.
42
ZOOe-
Ultimately, two types of ash were chosen for testing as the most promising RHA for use in
concrete: RHA 1 (the gasified ash) and RHA 2 (the fine gray ash). The following naming scheme was
adopted to identify the different ash samples in the experiments conducted:
(% RHA in binder)RIHA(one character sample identifier)
Therefore, according to this naming scheme, the sample that contains 20% of the RHA made in Texas
and 80% Portland cement in the binder is named 20RHAT. This convention is used throughout the thesis.
Concrete samples were mixed at a local concrete fence post-making operation. Workers at the
site assisted in mixing the concrete according to local practice, to replicate what others in Cambodia
might do to make concrete on a small scale. Allowing for the test samples to be made in accordance
with local practice for this area of Cambodia, added an aspect of realism to this part of the study since
the results of these tests would more or less represent the expected strength of concrete made for
construction in this region. All mixes were made using 1 part Portland cement/unground RHA, 3 parts
sand, and 3 parts gravel by volume. Water was added by sight, based on the experience of the workers
at the concrete yard to achieve the necessary consistency for concrete posts. The amount of water
varied based on the level of RHA replacement, since RHA has a tendency to absorb moisture, but an
average of about 0.79 parts water was used in each mix (0.79 water/binder ratio), with a minimum
water binder ratio of 0.61 at 0% RHA replacement and a maximum of 1.02 at 40% RHA replacement with
the black ash. It is important to note that although superplasticizer is commonly used in concrete mixes
in the U.S. to reduce the water requirement and create a stronger concrete, superplasticizer was not
used to make these test beams and does not appear to be commonly used in this area of Cambodia for
use in concrete projects. The average dimensions of the test beams are shown in Figure 3.11 and Figure
3.12.
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9.11 cm
9.16 cm
Figure 3.11. Cross-sectional view showing height and width dimensions of concrete beams used in field tests
9.11 cm
120.54 cm
Figure 3.12. Elevation view showing average length and height dimensions of concrete beams used in field tests
Seven different mixes were made and a breakdown of materials in each is shown in Table 3.4.
Table 3.4. Proportions of concrete materials used in Angkor Chum field tests
Test Mix RHA % RHA % Cement RHA Sand Gravel Water
(by volume) (by mass) (kg/m 3) (kg/m 3) (kg/m 3) (kg/m 3) (kg/m 3)
ORHA 0% 0% 720 0 557 1670 213
1ORHA1 10% 5% 616 107 596 1787 239
20RHA1 20% 11% 521 155 576 1727 222
30RHA1 30% 18% 510 111 563 1690 218
40RHA1 40% 25% 434 147 559 1677 224
20RHA2 20% 15% 616 107 596 1787 239
30RHA2 30% 23% 521 155 576 1727 222
Although it is common practice in studies published on the use of RHA in concrete to do RHA
replacements by mass, it is inconvenient to implement this practice in the field. Ikpong (1993) and
Rashid et al. (2010) were two of the few studies that described the use of RHA replacement by volume
of cement showing that precedents do exist for doing by volume substitutions. The replacement of the
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cement by RHA in the concrete mixes for these field tests was done by volume because it was the only
way to do the replacement in this rural environment as equipment was not available on site to weigh
the concrete materials. Additionally concrete materials are typically measured by volume by the local
concrete workers so this method of replacement could be easily adopted into current practice.
However, as can be seen from Table 3.4 above, depending on whether the ratio of concrete materials is
determined by volume or by mass, the percentage of RHA in the mix changes. The % RHA ranges from 0-
40% for the black ash and 0-30% for the gray ash when the materials are examined by volume, but when
the same ratio of materials are examined by mass, this range changes to 0-25% and 0-23% respectively.
By mass, the ratio of materials used in the concrete mixes was 1:0.86:2.57 binder:sand:gravel on
average, with a 0.33 water/binder ratio on average. Existing molds for fence posts, available at the site,
were used to cast sample beams. Two beams were made for the control mix (ORHA, a typical concrete
mix made without RHA), and three beams were made for each of the other mixes for a total of 20 test
beams. The beams were removed from the molds by factory workers after 24 hours, then left to cure
outside. Water was poured over them daily to keep the concrete hydrated. The beams were then tested
after seven days of curing.
The beam testing was conducted at Habitat for Humanity's Angkor Chum office. Two pickup
trucks were parked back-to-back such that there was a 103-105 cm clearance between them-a
distance that would support the approximately 120 cm lengths of the beams. After being weighed and
measured, each of the beams were balanced between the two trucks to create supports under each
end. To create a three-point bending scenario, a two-meter length of plastic netting was tied about the
center of the beam to serve as a container for loading (Figure 3.13). A schematic of the setup is depicted
in Figure 3.14. Eight-kilogram soil bricks with four-kilogram half brick as increments were loaded in the
bag one at a time, with a 5 second wait time between bricks, until beam failure occurred. In this way,
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the failure load of each beam was approximated in a reasonably controlled field setting. The ultimate
bending strength of the unreinforced concrete beams is found with an accuracy of ±4kg (39 N). The
results of the field test are included in section 4.2.
Figure 3.13. Actual 3-point bending setup in the field
Load
I
Load
Figure 3.14. Schematic of truck setup for the 3-point bending test of the concrete beams
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3.5 Compression Tests in the Laboratory4
Fifteen different mortar mixes were made to investigate the compressive strength of mixes
made using Cambodian ash as a partial replacement for Portland cement. As a point of comparison, 3 of
the 15 mixes were made using ash made from the incineration of United States rice hull in a laboratory.
For the laboratory tests, unlike the field tests, RHA replacement of Portland cement in the binder was
completed by mass for comparison with other studies.
3.5.1 Mix proportions and curing
The mix proportions for the control mortar mix used was based on that dictated by ASTM C 109-
11a. The mortar mixes incorporating rice husk ash are based off of the same mix proportion, with the
Portland cement being partially replaced with RHA at levels of 10%, 20% and 30% by mass depending on
the amount of ash available. A wider range of replacement levels were able to be made with RHA 4 and
RHA 5 (10-30% and 10-20%, respectively) as they were the most abundant of the Cambodian samples.
The amount of sand was reduced in each mix to account for the increased volume of the binder caused
by the addition of RHA (replacing a weight of cement with RHA which has a lower density results in a
greater binder volume). The mortar mixes containing RHA were designed to have a flow of 110±5 as
stated in ASTM C 109-11a (although this flow was not able to be achieved for all specimens).
The materials required for each mix (Table 3.5) were first weighed out to the nearest hundredth
of a gram, then the RHA, cement and sand were mixed together by hand until a visual consistency in the
mix was observed. Water was added last before pouring the mix into 2" (50-mm) cube molds. The
amount of water used for the mortar mixes containing RHA was determined by using a flow table in
accordance with ASTM C 1437-07 (Figure 3.15), starting by adding the amount of water required for the
control to the dry mortar mix and adding water in 25 and 10 mL increments until the required flow was
4 Devan Tisdale assisted in the making of the mixes as described in this section.
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attained. For some mixes, the flow of 110±5 was not reached, in many cases due to the large increments
of water added, but most notably, for mixes 30RHA4 and 20RHA5, no matter how much water was
added, the flow of the mix would not increase. The specimens were cast in 2 layers and were
compacted with a mortar tamper. Twenty-four hours after casting, the samples were removed from the
molds and submersed in water until testing after either 7 or 28 days. This curing procedure is similar to
that used by Abu Bakar et al. (2011) where RHA concrete samples were cured in a tank of water (100%
relative humidity).
Figure 3.15. Flow table testing of mortar mix to determine water requirement
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Table 3.5. Proportions of materials used for the fifteen different mortar mixes tested
Test Mix % RHA Water-to- Flow (%) Water Cement Rice Husk Fine
(by Mass) binder (kg/m 3) (kg/m 3) Ash Aggregate
ratio (kg/m 3) (kg/m 3)
ORHA 0 0.48 N/A 260.23 537.67 0 1478.60
10RHA1N 10 0.78 125.30 359.81 413.04 45.89 1250.51
10RHA1G 10 0.82 110.30 371.35 405.60 45.07 1227.96
10RHA2N 10 0.78 123.30 361.79 415.32 46.15 1263.67
10RHA2G 10 0.72 110.60 343.61 427.14 47.46 1299.66
10RHA3N 10 0.88 122.10 388.66 395.69 43.97 1200.26
10RHA3G 10 0.76 114.20 354.61 417.73 46.41 1267.11
10RHA4N 10 0.98 110.50 415.39 379.85 42.21 1154.75
10RHA4G* 10 0.66 127.3 324.01 439.17 48.99 1335.07
20RHA4 20 1.23 109.10 469.47 304.43 76.09 1035.58
30RHA4 30 2.28 53.40 619.35 189.87 81.35 734.32
10RHA5 10 0.98 107.50 406.20 371.45 41.27 1103.86
20RHA5 20 1.58 80.10 513.39 259.22 64.81 842.28
1ORHAT 10 0.84 122.70 373.20 398.69 46.41 1213.77
20RHAT 20 0.98 118.30 405.65 329.80 82.45 1119.66
30RHAT 30 1.18 102.50 445.77 263.55 112.95 1013.53
Note: RHA4 and RHA5 are ashes from Cambodia while RHAT is the 100-700 micron
*10RHA4G uses RHA4 that was ground by mixing with gravelfor 10 minutes, while
ash made in the US.
10RHA1G, 10RHA2G
and 10RHA3G uses RHA1, RHA2 and RHA3 that were ground by mixing with sand for 10 minutes.
The potential for using appropriate technology to grind the unprocessed RHA was assessed
through two sets of experiments5 .The N-series (10RHA1N, 10RHA2N, 1ORHA3N and 10RHA4N) samples
were made by using RHA1, RHA2, RHA3 and RHA3 in a 10% cement replacement mix, with no
mechanical grinding at all. The G-series (10RHA1G, 10RHA2G, 10RHA3G and 1ORHA4G) samples used
partial grinding by pre-mixing the RHA with fine aggregate (sand) for RHA1, RHA2 and RHA3, and with
coarse aggregate (gravel) for RHA4.
The first 3 samples were mixed with sand for 10 minutes with a hand mixer at high speed. The
last sample was put into an empty paint can with gravel and placed on a sieve shaker for 10 minutes and
the gravel was removed before the ash was added to the remainder of the mortar mix. In this way it is
possible to compare the strength of mortar cubes made from both unprocessed RHA and partially-
s Devan Tisdale helped to design these grinding experiments.
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ground RHA through mixing with aggregate. This studies the use of locally available materials and
technology to create RHA with smaller particle size.
The mortar cubes were removed from the water baths after 7 and 28 days of curing and tested
for compressive strength using a Baldwin 60-kip compression testing machine (Figure 3.16). The results
of testing are included in section 4.3.
Figure 3.16. Baldwin machine used for compression testing of mortar cubes.
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3.6 Chapter Summary
This chapter discussed the materials and methods used in the experiments carried out in this
study. The sources of the rice husk ashes used were detailed in addition to their physical (density and
particle size distribution) and chemical (chemical composition) properties as well as . Subsequently, the
methods used for field testing of concrete beams in bending and for laboratory testing of 2" mortar
cubes in compression are outlined. Finally, the methods used to partially grind RHA through the use of
appropriate technology were described.
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4 Results
4.1 Introduction
This chapter presents the results of RHA-concrete beam flexural strength tests in Cambodia as
well as the results of RHA-mortar cube tests in the laboratory. These results are compared to the results
of similar published studies and key findings are summarized.
4.2 Bending Tests in the Field
In the rural district of Angkor Chum in Cambodia, twenty concrete beams were made with
assistance from local concrete workers to test seven mixes-each containing a different proportion of
RHA and cement as the binder. After 7 and 8 days of curing, the beams were tested in three-point
bending to determine the flexural strength (modulus of rupture) of each mixture. The modulus of
rupture was calculated in accordance with ASTM C 293-10. The results of these field tests are presented
in Table 4.1 and more details of the test specimens are included in Appendix B (Section 8.2).
Table 4.1. Results of RHA-concrete beam flexural strength field tests in Cambodia
Distance Between Test Sample Failure Load, N (Ibs) Flexural Strength, MPa
Supports, cm (in) (psi)
ORHA 1412 (317) 3.27 (475)
103 (40.6) 20RHA2 1451 (326) 3.40 (494)
30RHA2 825 (186) 2.09 (304)
10RHAl 1741 (391) 4.11 (596)
20RHA1 1285 (289) 2.93 (425)
105 (41.3) 30RHA1 904 (203) 2.22 (322)
40RHA1 706 (159) 1.66 (240)
Figure 4.1 shows the effect of increasing the amount of Portland cement replaced by RHA on
flexural strength of the concrete mix after 7 days of curing. Both RHA 1 and RHA 2 show an initial
increase in flexural strength with lower replacements of RHA, followed by a drop-off in strength with
higher replacement levels. RHA 1 shows highest flexural strength at 5% RHA replacement of cement by
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mass-a 25% increase over the strength of the control mix. RHA 2 shows a 4% increase in flexural
strength over the control at 15% RHA replacement by mass. These results demonstrate that there are
possible advantages to using rice husk ash in Cambodia as a partial replacement for Portland cement
without creating the ash from a controlled burning process and without grinding the ash to achieve a
smaller particle size to facilitate pozzolanic reactivity within the concrete mix.
Flexural Strength vs. % RHA Replacement
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Figure 4.1. The 7-day flexural strength of RHA-concrete beams plotted against % RHA replacement by mass as a result of field
testing in Cambodia
Figure 4.2 shows the change in flexural strength of the seven concrete mixes with water/binder
ratio. In general there is a decrease in flexural strength with an increase in water/binder ratio.
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Effect of Water/Binder Ratio on Flexural Strength of
RHA-Concrete
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Figure 4.2. Correlation between flexural and water/binder ratio of the concrete mixes examined in Cambodian field tests
Figure 4.3 shows how the water requirement changes with the amount of cement replaced with
rice husk ash in the seven different mixes examined in field testing. In general there is an increase in
water/binder ratio with an increasing percent of RHA in the binder.
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Figure 4.3. Correlation between percent RHA replacement and water/binder ratio
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The RHA concrete beams tested in Cambodia demonstrated a higher flexural strength than the
control mix made without RHA at 5% and 15% replacements of Portland cement with RHA 1 and RHA 2,
respectively. After these initial increases, the flexural strength dropped off with higher replacements of
RHA. Additionally, there was a higher water requirement and lower flexural strengths for the concrete
mixes incorporating more RHA. These results are significant for the following reasons:
e They reflect the strength of RHA concrete as would be seen if actually implemented in Cambodia
by using local materials and methods, and testing in real field conditions.
e They show that significant strength can be achieved by using unprocessed RHA and even shows
that substantial increases in strength over the control can be achieved.
e They show that 5%-15% replacement by mass of cement with unprocessed RHA is viable to
achieve concrete flexural strengths similar to that of a control concrete made without
incorporating ash.
4.3 Compression Tests in the Laboratory
At MIT, laboratory tests were conducted with the five different rice husk ashes collected in
Cambodia and an ash produced in Texas from American HydroSoil6 to use for a comparison to ash
produced under highly controlled burning conditions and fine grinding. These ashes were used in 0%,
10%, 20% and 30 % substitutions by mass of cement used to make 2" (50mm) mortar cubes. Some ashes
were used as is in the mortar mixes (RHA 5 and RHA T), while others were preprocessed by mixing with
sand or gravel for 10 minutes prior to being mixed in with the remainder of the mortar mix (RHA 1, RHA
2, RHA 3 and RHA 4). The results of compression testing of the mortar cubes for each of the different
mixes after 7 and 28 days of curing are shown in the following figures.
6 http://american-hydrosoil.com/index.html
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4.3.1 Unprocessed RHA-cement mortar
First a series of RHA-cement mortars were made to assess the suitability of using unprocessed
RHA as a partial cement replacement in mortar. These ashes were produced in Cambodia from different
incineration processes and were not ground.
Figure 4.4 shows the time dependence of the compressive strength of RHA-cement mortars in
addition to showing the change in compressive strength for the RHA 4, RHA 5 and RHA T mortar mixes
caused by changing the amount of cement replaced with RHA. Compressive strength increased for all
mortar mixes from 7 days of curing to 28 days of curing, but the increases were more significant for the
RHA mixes than the control mix. For the mortars incorporating RHA, increases in compressive strength
ranged from 70% to 108% while the control mix (which contained no RHA) only increased by 43% from 7
days to 28 days of curing time. This shows a remarkable strength gain characteristic for RHA concretes in
comparison to the control despite the significantly lower compressive strengths of these mixes in
general.
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Figure 4.4. The effect of curing time on the compressive strength of RHA mortars
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The incorporation of RHA into the mortar at as little as a 10% replacement results in a decrease
in compressive strength of the mortar after 7 days of curing. Even after 28 days of curing, the RHA 4,
RHA 5 and RHA T mortars did not develop a compressive strength comparable to that of the control mix.
It is a well-documented fact that RHA-cement mortars and RHA-concretes develop their strength at a
slower rate than do traditional mortar and concrete mixes and therefore it may be possible for these
RHA-cement mortars to achieve strength more comparable to that of the control mortar given a greater
curing time.
Figure 4.5 shows the effect of RHA particle size on the strength of the mortars they produce at a
10% replacement of cement by weight. There seems to be an almost linear inverse relationship between
7-day compressive strength of the RHA mortars examined in the present study with the exception of the
RHA 4 mortar, which appears to be the outlier of this group.
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Figure 4.5. Change in compressive strength of 10% RHA/90% Portland cement mortars with change in average RHA particle
size
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Figure 4.6 shows how the compressive strength of the RHA-cement mortars investigated in this
study varies with the percent of cement replaced by RHA and the particle size of the RHA incorporated
into the mix. In this figure, particle size is depicted by the size of the circles representing each RHA
sample. In general, the RHA with smaller particle size produced mortars with a higher compressive
strength than the mortars incorporating RHA with larger particle sizes.
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Figure 4.6. Change in RHA-cement mortar 7-day compressive strength with respect to % RHA replacement and particle size,
represented by the size of the size of the circles plotted
4.3.2 Partially ground RHA-cement mortar
Figure 4.7 shows the change in compressive strength of the RHA-cement mortars made with
RHA 1, RHA 2, RHA 3 and RHA 4 before and after mixing the ashes with aggregate for 10 minutes. Mixing
with aggregate increased the 7-day compressive strength overall. Mixing the ashes with sand produced
a 15% increase for RHA 1, 38% increase for RHA 2, a 16% increase for RHA 3. The largest increase in
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compressive strength was produced by mixing with gravel, which produced a 326% increase in
compressive strength in the mortar mix made with RHA 4.
Effect of Mixing Natural RHA with Aggregate on
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Figure 4.7. The effect of mixing RHA with fine aggregate for 10 minutes on 7-day compressive strength of mortars with 10%
replacement of cement with Cambodian RHA
A summary table of the results of the mortar compression tests carried out in the present study,
together with graphs of other comparisons of the results, are included in Appendix C (Section 8.3).
4.4 Comparison of Results to Other Studies
4.4.1 Bending Tests in the Field
The flexural tests carried out on RHA-concrete beams in Cambodia were completed after only 7
days of curing due to time constraints however, flexural strength tests are typically conducted on 28-
day-old concrete specimens. This discrepancy in specimen test ages makes it difficult to compare the
results of the field tests conducted in the present study to other published results since no other study
encountered thus far has done 7-day flexural strength tests.
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4.4.2 Compression Tests in the Laboratory
The results of the compression tests conducted of RHA-cement mortars at MIT are compared to
published results of similar tests (Figure 4.8). The studies used for comparison are Ganesan et al. (2008),
Zerbino et al. (2011), Ribeiro Meira (2009) and Rukzon and Chindaprasirt (2010). Ribeiro Meira (2009)
and Zerbino et al. (2011) both investigated the use of RHA produced from uncontrolled combustion in
concrete comparing concretes made with ash ground in a laboratory ball mill to those made with ash
mixed with coarse aggregate in a concrete mixer for 15 minutes. Ganesan et al. (2008) also used RHA
produced from uncontrolled combustion, but first ground the ash to a mean particle size of 3.8 microns
before incorporating it into mortar mixes at replacement levels ranging from 0-35% by weight of
Portland cement. Partial grinding using gravel resulted in average 7-day compressive strengths of
approximately 19 MPa (2800 psi), which compares favorably with those seen in previous studies.
7-day Compressive Strength versus % RHA Replacement
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Figure 4.8. Comparison of RHA-cement mortar compressive strengths from various studies. The data for the current study,
using unprocessed RHA, is shown in dashed lines.
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4.5 Chapter Summary
This chapter presents the results of the flexural strength tests conducted on RHA-concrete beams
made in Cambodia and the results of the compression tests conducted on RHA-cement mortars made at
MIT. The strengths observed of the mortars produced in the laboratory were around those expected-
being weaker than RHA-concretes and RHA-cement mortars presented in published studies, where the
ash is typically produced via controlled burning and grinding. However, the RHA-concrete beams made
for testing in Cambodia produced trends similar to those published-showing a higher strength than the
reference mix for lower replacement levels, then dropping off to lower strengths at higher replacements
of cement with RHA. Calculations were also done to approximate the allowable compressive strengths
RHA-cement mortars and RHA-concretes would need to have in order to be used for typical concrete
construction in rural Cambodia and it was found that all of the RHA-cement mixes made in the current
study exceed this lower strength limit.
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5 Discussion
5.1 Introduction
This chapter will discuss the results of the tests conducted in the present study, the possibility of
implementing widespread use of RHA-concrete for construction for small-scale, rural projects, in
addition to possible barriers to implementing the use of this technology in the developing world.
5.2 Discussion of Results
In general, the field and laboratory tests showed promising results for using unprocessed RHA in
structural concrete in rural Cambodia. The ashes used in the experiments were collected from different
sources in Cambodia and were produced via different combustion processes. They were purposely not
ground to a smaller particle size before being incorporated into the concrete and mortar mixes
examined to evaluate the suitability of using Cambodian RHA as is to create structural concrete to use in
small-scale rural applications. The flexural tests of RHA-concrete beams in Cambodia showed that using
RHA as to replace small percentages of Portland cement in concrete can produce concrete with
equivalent flexural strength to typical concrete without RHA. The compression testing of RHA-cement
mortars at MIT, by contrast, showed lower compressive strengths than the reference mortar made
without RHA.
There is clearly a discrepancy between the results of the field tests and the results of the
laboratory tests, where the RHA-concrete beams made in the field out-performed those made of regular
concrete while the mortars incorporating RHA performed worse than the mortar without RHA even
though both the beams and mortars were made with unground RHA. The difference in the results of the
field and laboratory tests are most likely due to the difference in sample preparation which resulted in
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lower water/binder ratios for the concrete beams made in the field and higher water/binder ratios for
the mortar cubes made in the laboratory. In Cambodia, cement factory workers determine the amount
of water needed for a concrete mix by sight to get the desired workability; the ASTM standard used to
make the mortar mixes at MIT required each mix to have a flow of about 110 as determined by flow
table testing. It is very possible that the flow required by ASTM is greater than the flow used to make
the concrete mixes in Cambodia and therefore procedural differences between field and lab testing
could be responsible for the differences seen in the results of the two types of material testing.
Despite the low compressive strengths of RHA-cement mortars found through laboratory
testing, the alternative grinding methods used to decrease RHA particle size showed improvements in
mortar strength. Mixing the ashes with only sand for 10 minutes prior to incorporating the other mortar
materials provided a 15-38% increase in compressive strength. The greatest increase in strength,
however, was seen from mixing RHA with gravel using a method that tried to simulate appropriate
technology likely to be available in rural areas of developing countries. This crude grinding procedure
produced RHA that when used as a partial cement replacement in mortar, yielded compressive
strengths exceeding that of the control and a 326% increase in strength over the mortars made with
unground samples of the same ash. If these results can truly be reproduced in developing countries
using locally available resources to reduce RHA particle size prior to its use in concrete, substantial cost
savings can be made using partially ground RHA as a partial cement replacement in construction.
5.3 Viability of using RHA-Concrete as a Structural Material
In the study conducted by Mehta (1977), the strength requirements listed in ASTM C 150 were
used as a metric for determining the suitability of using Portland cement-RHA mortars for structural
purposes. This standard requires a minimum strength of 2800 psi at 7-days, a strength which was not
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even achieved by the control mix in this study indicating, by this standard, that all of the mixes made for
this study are unsuitable for structural use.
The RHA-concretes tested in the field showed some improvement in flexural strength over the
control at 5% and 15% replacements of cement with RHA 1 and RHA 2 respectively, showing that
incorporating either of these rice husk ash samples into at least 5% of the binder mix will produce
concrete at least as strong as a typical concrete mix. Although the RHA-concrete and RHA-cement
mortars mixes tested did not out-perform the reference mixes, it may still be feasible to use mixes of
these types for construction in rural Cambodia.
To approximate the minimum strength required for RHA-cement products to be safely used in
rural concrete construction, several test cases are considered-the allowable compressive stress needed
to construct a 3m (10ft) tall house post and to construct a 6m (20ft) tall wall.
5.3.1 Allowable compressive strength for three-meter (ten-foot) tall house post
The typical house in Cambodia is constructed a top either wooden or concrete posts to elevate
the structures above rainy season flood levels (Figure 5.1).
Figure 5.1. Typical Cambodian house (Let's go 2003)
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To calculate the compressive strength required for these concrete posts, the following loading
situation was assumed, with the assumed dimensions being typical for the Cambodia context:
5 kN/m 2
disti Iload
3m\
Figure 5.2. Assumed loading condition to determine necessary strength of concrete for rural Cambodian construction
The 5 kN/m 2 (~100 psf) loading approximates the self-weight of a house plus a maximum loading when
filled with people. With this assumed loading, each concrete post (about 30cm x 30cm in cross-section)
would be required to support about 45 kN (10 kips).
45 kN
Figure 5.3. Approximate load on one 30cm x 30cm house post
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6 rn m
For a 30 cm by 30 cm (1ft by 1ft), square cross-section, the allowable stress of the concrete can be
calculated by using the equation
Force 45 kN kN
- - - = 500-= 0.5 MPa
Area 0.09m 2
Therefore, according to these approximations, the minimum allowable strength required for RHA-
concrete or RHA-cement mortars in order to be feasible for use in rural Cambodia is 0.5 MPa (73 psi).
5.3.2 Allowable compressive strength required for twenty foot wall
The maximum height that a wall can be constructed with the RHA concretes examined in the
present study can also be calculated to assess the feasibility of constructing taller structures with these
materials.
height
15 cm 15 cm
Figure 5.4. Unit portion of a concrete wall considered for analysis
For a unit section of a concrete wall, the allowable stress can be represented by the equation
Force Pconcrete x Volume Pconcrete x height x Area
Area Area Area
O = Pconcrete x height
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The densities of the mortars and concretes made with Cambodian RHA (both in the field and in
the lab) ranged from 17-21 kN/m 3 (111-136 pcf). With these upper and lower bounds for density, the
construction of a 6-meter (20-foot) tall wall from RHA concrete would require an allowable stress of
0.102-0.126 MPa (14.8 -18.3 psi)-an allowable stress that was easily obtained by all of the samples
made in the present study.
Although these calculations are rough, conservative approximations, they give a sense of what
material strengths are actually required for the typical structures that would be constructed of concrete
in rural Cambodia. The compressive strengths required for these structures are well below the strengths
of the control mixes made in the present study and just below the worst performing RHA-cement
mortar which had a 0.63 MPa (91 psi) maximum compressive strength after 7 days of curing (30RHA4).
5.4 Potential for Widespread use of Unprocessed RHA in Rural Construction
Previous studies investigating the viability of using unprocessed RHA as a partial replacement of
Portland cement in concrete have mixed the ash with coarse aggregate for some time before adding in
cement, sand and water into the mix to reduce the particle size and increase the surface area available
for chemical reactions necessary for concrete formation to occur. Despite this benefit of grinding RHA,
this additional step required to process the ash before using it in a mortar or concrete mix may initially
hinder the adoption of this technology in developing countries. Since this construction material is not
commonly used, and in many places the use of this material in construction has not been publicly
tested, there is apt to be skepticism surrounding the strength of rice husk ash concrete as well as its
safety as a material to be used in building construction. Adding more steps to the concrete making
process that people are already familiar with, in an attempt to encourage the use of an unfamiliar
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material in construction is not likely to help persuade people to use rice husk ash as a partial cement
replacement.
The results of the experiments carried out in the present study show that it is possible to use rice
husk ash as produced in Cambodia without grinding to produce RHA-concrete and RHA-cement mortars
that are strong enough to be used for common construction applications for rural Cambodia.
Incorporating RHA at a maximum replacement level of 20% Portland cement by mass is suggested as the
lowest compressive strength was observed for the mortar mix that used a 30% replacement of RHA 4
which was only 30% greater than the lower strength limit of 0.5 MPa determined in the present study.
5.5 Economic Analysis
The monetary impact that the use of RHA as a partial cement replacement can have if
implemented in Cambodia can be quantified via an economic analysis.
The cost of Portland cement in Cambodia is about $4.63/50kg bag. With a density of 1506
kg/m 3, the cost of Portland cement per M3 is $136.46 (SIMetric 2011). The cost of RHA in Cambodia
ranges from $0 - $21.25/M 3".
A 20% substitution by mass of cement is suggested, based on the results of the present study as
it produces concrete with compressive strength at least 5 times greater than the 0.5 MPa necessary for
typical construction in rural Cambodia. With this level of substitution, the price would range from
$66.87-$77.71 per M3 if RHA was used to replace 20% by mass of the cement needed for construction.
This would provide a 43-51% reduction in price for concrete construction.
This cost of RHA was determined from personal communication with Mr. Sopheap Phoung with Habitat for
Humanity Cambodia
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For the cost of a latrine built in rural Cambodia with Habitat for Humanity, if the amount of
cement needed for the project were reduced by 20% by mass of cement, which was replaced by RHA,
such that the volume of RHA-cement was the same as the original volume of cement, the overall cost
would be reduced by 6% from $970.61 to $910.48.
Figure . Cambodian school toilet design (Courtesy of Sopheab Phoung)
5.6 Chapter Summary
This chapter discussed the general trends and discrepancies observed in the results of the
flexural and compressive strength tests conducted in the present study. It also discussed the potential
for widespread use of unprocessed RHA to produce a low-cost structural concrete for use in rural
regions of developing countries, applying structural analysis and economic analysis to demonstrate the
feasibility of using RHA.
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6 Conclusions
6.1 Key Findings
Field and laboratory tests were conducted on concrete beams and mortar cubes replacing the
Portland cement in each mix with varying amounts of rice husk ash to determine the strength
characteristics of these cementitious materials. The concrete beams were made using materials and
procedures common for concrete mixing in the Angkor Chum region of Cambodia and were tested for
flexural strength using local materials. The mortar cubes were made in an MIT laboratory following the
specifications of ASTM C 109 and were tested in compression using a 60-kip Baldwin machine. The
following conclusions are reached:
" The field tests on RHA concrete showed that it is possible to use RHA produced from
uncontrolled burning of rice husks without grinding as a partial cement replacement to produce
concrete that achieves a similar strength to that of a control. Although flexural strength
decreases with an increase in the percent of RHA replacement of Portland cement and with an
increase in water/binder ratio, 5-15% replacements by mass are feasible for the ash samples
tested.
* The laboratory tests of unprocessed Cambodian RHA showed that incorporating RHA at a
replacement as little as 10% produces a steep drop off in compressive strength in comparison to
a control mortar mix. In addition to the overall lower strengths produced by using unprocessed
RHA as a partial cement replacement in mortar, the following trends were also identified:
o Higher rates of strength gain were achieved between 7 and 28 days of curing for the
mortars incorporating rice husk ash than was observed for the control mix which did not
contain rice husk ash:
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- A 48% increase in strength of the control mix was observed between 7 and 28
days of curing.
" A 70-108% increase in strength for the mixes made with RHA 4, RHA 5 and RHA
T was observed between 7 and 28 days of curing.
o Compressive strength decreased with an increase in particle size of the RHA used to
make the mortar samples, which could be due to the increased water demand also
associated with a larger RHA particle size. However, a higher void fraction could also be
a cause of the decreased strength due to the increase in the number and size of crack
initiation sites in larger RHA particles.
* Laboratory tests of alternative grinding methods to reduce RHA particle size by mixing rice husk
ash with aggregates showed an increase compressive strength of the RHA-cement mortar made
with the resultant ashes in comparison to mortar made with the unground samples of the same
ash:
o A 15-38% increase was observed for mixes made with RHA mixed with sand for 10
minutes.
o A 326% increase was observed for the mix made with RHA mixed with gravel for 10
minutes, exceeding the strength of the control mortar mix.
* A 20% replacement of unprocessed RHA is the maximum suggested based on the results of this
study for use in rural construction in Cambodia. This amount of replacement of Portland cement
produces mortars with compressive strengths of at least a 320% increase over the lower
strength limit of 0.5 MPa (73 psi) for rural Cambodian construction as determined by a brief
structural analysis. The results of similar experiments in other countries using RHA produced
from local incineration and construction practices may yield different results.
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* An economic analysis showed that a 43-51% price reduction in concrete construction can be
gained from using RHA as a replacement of 20% Portland cement by weight in Cambodia.
6.2 Future work
There are several areas in which this work can be extended:
e More field tests can be conducted to assess the effectiveness of using appropriate technology to
grind RHA to make RHA-concrete.
* Different methods of low-tech grinding can be explored to determine which methods are most
suitable for use in rural areas of developing countries.
* The variation in RHA combustion processes currently employed in Cambodia can be investigated
to determine the best source for obtaining RHA for use in concrete.
* The effect of water quality on the strength characteristics of RHA concrete produced in a field
setting is another variable that should be studied in future work.
* Most importantly, the logistics of implementing the use of RHA concrete in developing country
construction should also be investigated to ensure that this low-cost construction material is
helping the people who need it most.
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8 Appendices
8.1 Appendix A: X-Ray Diffraction Results
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Figure 8.1. X-Ray diffractogram from RHA1 with overlay of quartz and cristobalite reference peaks
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Figure 8.2. X-Ray diffractogram from RHA2 with overlay of cristobalite, tridymite and quartz reference peaks
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Figure 8.3. X-Ray diffractogram from RHA3 with overlay of Cristobalite, tridymite and quartz reference peaks
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Figure 8.4. X-Ray diffractogram fromn RHA4 with overlay of quartz, cristobalite and tridymite reference peaks
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Figure 8.5. X-Ray diffractogram from RHA5 with overlay of sylvite and quartz reference peaks
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Figure 8.6. X-Ray diffractogram showing the close similarity in atomic arrangement in RHA3 and RHA4
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Figure 8.7. Comparison of the X-Ray diffractograms created from all five Cambodian rice husk ashes
Table 8.1. Particle size distribution of rice husk ashes used in this study via sieve testing
Percent Finer (%)
Mesh RHA1 RHA 2 RHA 3 RHA 4 RHA 5 RHA T
Opening
(pm)
1180 97.67 99.84 98.82 92.25 95.10 100
850 92.45 96.10 95.48 80.64 72.55 100
600 75.99 88.46 85.58 55.09 34.10 98.08
355 52.93 75.80 67.56 33.95 12.70 90.88
250 37.15 66.80 53.43 21.30 5.68 76.96
212 30.88 61.15 46.36 14.44 3.75 69.04
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Support Sample Mass (kg) Length Average Average Load (kg) Section Max Flexural
Distance (cm) Depth (cm) Width (cm) Modulus Moment Strength
(cm) (in3) (lb-in) (psi)
C (2)
C (1)
21.3
22.6
119
121
9.25 9.08 144
144
7.90 3718.35
3780.84
470.84
478.75
C
-w
C
E0E
E
E
E
0
0
M
E
PC
o E
CU
t
0.
.00
B1 (3)
B1 (2)
B1 (1)
21.5
21.7
21.9
119.25
121.75
121.5
9.13 9.2 184
188.5
160
7.81 4761.20 609.99
4979.90 638.01
4218.29 540.43
B2 (3) 22 122.25 9.32 9.1 124.5 8.03 3302.62 411.10
B2 (2) 21.4 119.5 132.5 3435.77 427.68
B2 (1) 22 119 136 3511.77 437.14
B3 (3) 21.25 122.25 9.02 9.1 80 7.52 2122.17 282.03
B3 (2) 21 119 96 2478.90 329.44
B3 (1) 21 122.75 100.5 2676.88 355.75
B4 (3) 21 119
B4 (2) 20.5 118
21 121.5
9.1 9.23 64
72
80
7.77 1652.60 212.70
1843.55 237.28
2109.15 271.46
Co
103
105
G2 (3) 21.3 119 9.08 9.33 160 7.83 4131.50 527.51
G2 (2) 17.2 96 -- -- --
G2 (1) 20.8 122 136 3600.30 459.69
G3 (3) 20 120.5 8.92 9.02 80 7.29 2091.79 286.89
G3 (2) 21 121 88 2310.51 316.89
G3 (1) 21 122 84.5 2236.95 306.80
B4 (1)
8.3 Appendix C: Results of Laboratory Tests
Table 8.3. Results of RHA-cement mortar laboratory tests
Compressive Strength, MPa (psi)
Test % RHA
Sample 7-day 28-day
0RHA 0 14.42 (2091) 26.31 (3815.61)
10RHA1N 10 9.03 (1310) --
10RHAIG 10 10.42 (1511) --
10RHA2N 10 9.76 (1416) --
10RHA2G 10 13.26 (1923) --
10RHA3N 10 9.80 (1422) --
10RHA3G 10 11.4 (1655) --
10RHA4N 10 4.51(654) 8.18 (1186)
10RHA4G 10 19.2 (2786) --
20RHA4 20 2.23 (323) 4.35 (631)
30RHA4 30 0.63 (91.2) 1.31 (190)
1ORHA5 10 5.12 (742) 9.51 (1379)
20RHA5 20 2.22(322) 3.78 (549)
10RHAT 10 10.1 (1461) 14.3 (2076)
20RHAT 20 4.51 (654) 7.48 (1084)
30RHAT 30 1.90 (275) 3.62 (525)
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Figure 8.8. 7-day compressive strengths of RHA 4, RHA 5 and RHA T for different replacement percentages of RHA
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Figure 8.9. 7-day compressive strengths of RHA 4, RHA 5 and RHA T for different replacement percentages of RHA
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